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SUMMARY 


This report reviews published data and presents some 
new data. 

The available data for heat transfer to air in straight 
duots of rectangular and oiroular oross seotion have been 
oorrelated in plots of Stanton number versus Reynolds number 
to provide a background for the study of the data for finned 
cylinders • Equations are recommended for both the streamline 
and turbulent regions, and data are presented for the tr<insi- 
tion region between turbulent and laminar flow* Use of hex- 
agonal ends on round tubes causes the characteristics of lam- 
inar flow to extend to high Reynolds numbers. 

Average ooeffioients for the entire finned cylinder have 
been calculated from the average temperature at the base of 
the fins and an equation which was derived to allow for the 
eff eotivenesB of the fins. 

Heat-transfer ooeffioients for similar typical fins are 
in good agreement even though different test techniques and 
methods of heating were used. The surfaoe coefficient of 
heat transfer is a complex function of a number of variables, 
such as width, spacing, and shape of the fins* the mass ve- 
locity of the air; the nature of the Burfaoe; and the design 
of thq, baffles... The test data oover, although incompletely, 
the ranges of turbulent and laminar flow, and the intermedi- 
ate transition region. The effeots of varying the spacing 
and width of the fins are irregular, Because of these compli- 
cations it is impossible to oorrelate all these results by an 
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equation and it is believed that further data are needed* 

The available results for eaoh firmed cylinder are corre- 
lated herein in terms of graphs of Stanton number versus 
Reynolds number* In general« for a given Reynolds number, 
the Stanton number increases with increases in both spacing 
and width of the finB, and iB apparently independent of 
oylinder diameter and temperature difference* 

For a given coefficient of heat transfer Improved baf- 
fles and rough or wavy surfaoes give a substantial reduction 
in pumping power per uni t of heat transfer surfaoe and a 
somewhat smaller decrease in pressure drop* 


IMTRODUCT ION 


The rational design of air-cooled finned cylinders re- 
quires the computation of heat transfer and pressure drop, 
as related to various design variables and operating condi- 
tions. Pressure drop is treated in numerous references; for 
example, pressure drop for sea- level conditions and a variety 
of finned oylinder designs are given in reference 1, and the 
effect of altitude is treated in references 2 and 3 and in 
a report by F. H. Erdman, W, IT, S. Richeius, E. Campbell, 
and R« W. Young, Wright Aeronautical Corporation, July 1943* 
Consequently pressure drop will not be treated in the present 
study except in connection with certain new data discussed 
herein. Design conditions, whioh mey affect tho coefficient 
of heat transfer from the metal surfaoes to the air stream, 
include factors suoh as cylinder diameter, width and spacing 
of the fins, roughnoss of the surfaoe, and the type and ex- 
tont of the baffles or jaokets. The surfaoe heat-transfer 
coefficient from metal to air may also depend on operating 
conditions, such as mass velooity and temperature difference. 
Extensive data as to tho effect of certain of theso factors 
had been obtained by various workers but woro reported in a 
number of different ways, making it difficult to compare the 
various sets of published results, 

Tho objoots of this investigation are to oolleot the 
existing data for heat-transfer coefficients for blower-cooled 
finned cylinders, to seloot a suitable common basis of com- 
parison, to ascertain any discrepancies whioh oxist, and to 
dotermino the effects of the several factors on the heat- 
transfer oo efficients. This study exoludos tests made with 
oylindors exposed to a free stream with unknown velooity 
through tho passagos between the fins. 
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Sinoo the air paSsagbs on a finned cylinder are ourved 
duota, data for straight, ducts of rectangular and circular 
areas section are correlated for comparison with those for 
the finned qylirdors. The data for straight passages are 
also of interest in the design of certain types of aircraft 
heat exohangers* 

The cooperation of Pratt and Whitney Aircraft, Harrison 
Radiator Division of General Motors, and General Electric, 
in making available heretofore unpublished data, is appre- 
ciated. 

This investigation, oonduoted at the Massachusetts 
Instltuto of Toohnology, was sponsored by and oonduoted 
with the financial assistance of the Rational Advisory Cam- 
mitt oe for Aeronautlos. 


symbols 

A area of heat transfer surface, square inch os 
a (2h/kt) 0 * 8 , inches 

C oorrootion factor in equation for off eotivonoss, 

dimensionless s 

Cp for curvaturo 

C T for tapor 

0 ^ speoifio heat at constant pressure, Btu/pound °P 
D diameter, inches j 

D^, diameter at baso of fins 

D q , equivalent dinmetor b 4 (cross sootion)/(perimotor) 
E^, diameter of holix 

d prefix Indicating differential quantity 

E pumping powor per unit surface based on over-all pres- 

sure drop, foot-pounds per hour por squaro foot 
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e height of elementary protuberahoe characterizing rough- 
ness or wariness of surface, inches 

G mass velocity, pounds/hour square inoh of total cross 
section 

G mass velooity, pounds/hour square inoh of minimum 

max oross seotion 

g acceleration due to gravity, inohes/iiour 8 

h surface coefficient of heat transfer, BtuAour square 
inch °F 

h a , based on arithmetlo mean AT 
h^, based on initial AT 
h^, based on logarithmic mean aT 
h^, based on local AT 
h', as defined in referenoe 37 
j heat-transfer factor, (h/oG)(oj^c) 3 ^ 5 , dinens ionless 
heat-transfer factor, (h^/oGjfop/k) a/3 , dimensionless 
K dimensional constant, defined by the relation 
u/oG s KAT“ 1/8 

]c thermal conductivity, Btu/hr square inch °F per inch 

L nominal length of gas travel, inches 

q rate of heat transfer, Btu/^iour 

R radius, inohesj 

R-jj, at base of fins 

r ratio of orc*s section of duct to that of air passages 
around cyl-.nder, dimensionless: 

r^, based on duot section at front of model 

r r , based on duot seotion at rear of model 
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S oross section of air passages around cylinder , square 
inoh.es 

s mean spacing between fins, inches : 
s^, at baBe of fins 

t mean thiokness of fin, inches: 
t^ at tip of fin 

T air stagnation temperature, °P 

T x at inlet 

T at outlet 
a 

mean surfaoe temperature of fin, °F 
mean wall temperature at base of fin, °F 

U apparent coefficient of heat transfer based on mean 

difference in temperature between fin base and air, 
and area of fin base, Btv0iour square inch °F 

W mass rate of flow of air, pounds per hour 

w width (radial length) of fin, inches: 
w» ■ w + (t^/2) 

X product of dimensionless ratios used in oopverting 
between h a , h^, and h^: 

Xa - (hj/o&KA/s) 

Xi = (hj/oGjCVs) 

XL = (hj/offXVs) 

Y correction factor to allow for effeot of curvature of 
ooil on h, dimensionless: 

Y « 1 + (3,6 Dg/fog) 
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Dimensionless Groups (Consistent Units) 

A/s Ratio of heat transfer surface to oross section of 
air passage 

DCr/|i Reynolds number 

h/oG Stanton number* 


h 

c& 


S 

T 


Sr 


hD/lc Hus selt number 


D e 3 p f s g 0 £S! 


** f 


Grashof number 


Greek 

a portion of half oylinder oovered by baffle or jacket, 
degrees : 

oj., degrees covered on front quarter 
Op, degrees covered on rear quarter 

P volumetric coefficient of expansion of gas, taken as 

reciprocal of temperature in °P absolute, for per- . 
feet gases 

Ap over-all drop in pressure, expressed in inches or 
centimeters of water, as specified 

AT difference in tenperature between metal and gas, °F* 
AT a , based on arithmetic mean 
AT a ', based on equation (8) 

AT^, based on initial air and mean surface 

AT^, based on logaritlonic mean 

AT m , mean temperature difference in general 
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AT 0 , based on outlet olr and mean surface 
AT r , baaed on air and surfaoe at exit 
tj eff eotiveness of fin, dimensionless 

l* viscosity, pounds/hour Inch; divided values from graph 
of p versus T by 12 

p density of air* pounds/ inoheB 3 

P av , baaed on (Tj. + T a )/2 

p B0 , based on standard conditions (70° F and normal 
barometer) 

$ product of terms defined in equation ( 5) 

Note i ' In many of references oited, the coefficients of heat 
transfer were given in the rather unusual units of British 
thermal units per hour per square inch per degree Fahrenheit, 
The retention of these units for the coefficients, and the 
desire to keep symbols the same as in the broad field of heat 
transfer, foroed the specification of rather unusual units 
for several quantities. The units given in the foregoing will 
produce the oorreot values of the several dimensionless ratios, 
out if desired the latter may be evaluated by employing con- 
sistently the technical system of units, based on pounds foroe, 
pounds matter, feet, hours, degrees Fahrenheit and British 
thermal units. 


HEAT TRANSFER IN STRAIGHT DUCTS 
Analysis 

At present heat-transfer correlations are based on 
theoretical analyses, analogies between friction and heat 
transfer, and empirical equations based on test data. Re- 
gardless of the basis, the pertinent equations or curves 
are generally expressed in t erms of dimensionless groups, 
usually Nusselt number (hDe/k) and Reynolds number (D e 0/jj)« 
There are a number of reasons for correlating the Stanton 
number (h/opG) instead of hDg/k, in terns of D e G/p (ref- 
erence 4), 


8 


HACA ARR Ho. 4728 


1. The stanton number is numerically equal to an appara- 
tus constant (s/a) times the temperature rise of the fluid 
divided by the temperature differ enoet 


h GSo p (T a - 1^) S 

o G oG A AT A 

p m 

and consequently the calculation of h/o G does not involve 
specific heat or mass velocity. 

2. The only property of the fluid which must be known 
to calculate both terns in this type of correlation is the 
visoosity for whioh accurate values are available. 

3. This method of correlation aooentuotos any changes 
in the heat-transfer coefficient due to change in type of 
fluid flow. 

4. In the turbulent range, as the Reynolds number is 
varied, the Stanton number changes less than the Rusaelt 
number. 

Throughout this report Stanton numbers are used instead 
of Nusselt numbers. 

It is well known, reference 5, that other dimensionless 
groups can affect the correlation. The groups cpM'/k and 
either H B / V- or Vf/V are used to allow for variation in 
the properties of the fluid; geometrical ratios h/D e and 
o/d b introduce the dimensions of the apparatus and roughness 
of the test surfaoe; the Grashof number allows for effects of 
natural oonvection. In general, a correlation involving a 
number of fluids and surfaces and a wide range of operating 
variables must include many of these groups. If the corre- 
lation is to be restricted to a single gas suoh as air, the 
Pra nd tl number opty^k and the visoosity ratio l^sA 1 niay be 
omitted for practical purposes. 

This oemplex situation for flow in round tubes is treated 
in detail in referenoe 4. For substantially incompressible 
turbulent flow of air in round tubes, the data of many workers 
lead to the dimensionless correlation (referenoe 6)i 
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/ v~0.fi 

-£- ■ 0.028 l — j 

o.a V.M - 


( 2 ) 


whi oh Is also used (reference 6) for flat duots by substi- 
tuting D 0 for D. The effect of highly compressible flow, 
of importance at high altitudes, is treated in reference 6. 

Assuming undistorted parabolic distribution of velooity 
for streamline flow, with heat transfer only by radial con- 
duction, mathematical analysis for oonstant wall temperature 
(reference 7) shows that (hj/o p G) (l/D 0 ) is a series funotion 

of tho group oGD e /kL [ - (D 0 G/ja) (o p rtrtc) (Dq/lJJ as shown 
in figure 1. 

The function for air in round tubes a an be approximated 
by the following pair of equations (reforenoe 7): 

In the streamline region (with D q g/u between 2300 
and 16.2 l/D 0 ) 


°P G 


1.98 


/ L / e 

W w 


- 8^3 
I ) 


.-i/3 /D 0 G>T 


(3) 


end in the Btreamline region for smaller valuos of D e G/ii, 


h L /vv 

— = 4.92 ( ) 

oG \H/ 


(3a) 


"For air flowing in flat ducts of high aspect ratio (width/ 
spacing), reference 7 gives the following equations: 


With D q g/|A between 2300 and 94.7 l/D e 


= 2.26 


°P° 



- a /3 


(4) 


and in the streamline region for smeller values of D e G/n 

h L 

= 10.4 (4a) 


V s 
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The results of these experimentally verified equations 
for oonstant wall temperature, are summarized in figure 2A 
for round tubes and in figure 2B for rectangular passages, 
for length-diemetor ratios of 10 and 100. The curve AB is 
based on equation (2), curve DE is based on equation (3) or 
(4), and curve EF is based on equation (3a) or (4a)« The 
zone BD represents a transition zone between the turbulent 
region AB and the streamline region DEP, and because of un- 
certainty as to the oxact width of this zone, the ourve is 
dotted. This region 1 b treated in detail in references 4 
and 8. Reference 9, based on data for liquids, suggests 
that tho Stanton number be considered independent of the 
Roynolds number in the region BC. (Point E is the inter- 
section of equations (3a) and (3)' or (4a) and (4); point D 
is at tho boginning of the transition region; point C is at 
tho beginning of the region idiero tho Stanton numbor is con- 
sidered independent of tho Reynolds numbor; point B signifies 
tho start of the turbulent region.) Increase in l/d q 
lowors hj^/op £} in the streamline region DF but does not af- 
fect the location of the curve AB in the turbulent region. 
Hence, the dip becomes deeper aB l/d q is increased. 


From figures 2A and 2B, for a given large 1/d qI it 
is seen that the dip is deeper for the round tube than for 
the rectangular soction. 


Tho theoretical equations (3) and (4) do not allow for 
tho effect of natural convootion and radial gradients in 
viscosity. Basod on a limited amount of data, reference 4 
suggests that these effects could bo estimated by multiply- 
ing h from the theoretical equations. by the term; 

l/s- 


<t> 


of [* * (:—■) ] 


(5) 


In tho turbulont region A3 tho local coefficient of heat 
transfer is bolievod to bo uniform throughout tho length of 
tho tube, except possibly for tubes with small valuos of 
l/d q , and in tho EF-soction of tho streamline region tho 
local oooffioiont is substantially independent of length ac- 
cording to equations (3a) and (4a). With oonstant surfaco 
temperature T s and oonstant local coefficient h_, tho 
logorithmio moan temperature difference is obtained from the 
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relation WOpdT =» h^dA. (T a - T). For the sale© of uniformity, 
this type of temperature difference was used throughout the 
entire range of Reynolds .numbers, in analysing data for tests 
involving constant vail temperature. . - 


Physical Properties of Air 

the physical properties of air- reoomm ended by various 
sources (5. 10. 11) are presented in figure 5. The values 
of reference 10 were adopted and are represented by the 
solid ourves. For convenience the Prandtl number for air 
has been considered constant at 0. 74. 


Data for Round Tubes 


An analysis of all the published data for air in round 
tubes has been made. The better data (12. 13. 14, 15, 16. 
17) are plotted as h_/o G versus DG/U in figure 4. For 
Reynolds numbers greacer^than 10,000 the results for air are 
correlated by the equation! 



( 6 ) 


Based on data for various fluids, reference 4 finds that the 
two-thirds power of the Prandtl number is involved, Sinoe 
o V/k is 0,74 for air, the corresponding equation is 

p 1 1 /= -°- B 


3 


V* 




0.021 




(6a) 


It 1 b noted that the recommended value of the constant 
(0.026) in equation (6) is 7 percent lower than that given 
in equation (2) from reference 6. At Reynolds numbers larger 
than 10,000 the maximum deviation in h /o 0 is £26 percent 
for the data selected; the deviation would^have been sub- 
stantially increased by lnoluding data obtained by less de- 
sirable techniques. 

At Reynolds numbers smaller than 10,000 the experimental 
points -scatter more widely than at Reynolds numbers larger 
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than 10,000. It may be seen that the runs of Busselt made 
at high pressure give higher coefficients than those at at- 
mospherio pressure, owing to the effect of natural oonveo- 
tion, involving high Grashof numbers, (D 3 p^ a g2AT/kfcj a )« This 

effect of natural oonveotion is apt to be less Important in 
alroraft exchangers beoause of the use of low pressures and 
small tube diameters. A seoond oauss of scattering of points 
in figure 4, at Reynolds numbers below 10,000, is the transi- 
tion from turbulent to laminar flow which gives a dip in the 
ourve of Stanton number versus Reynolds number, as shown in 
figure 2A. This effeot is illustrated by the data of Busselt 
at 1 atmosphere and by the data of Josse at 0.1 atmosphere* 
Data are inadequate for the transition region for air in 
round tubes. 

Since tubes of small diameter are usually used on alr- 
oraft oil coolers, and the equivalent diameters of finned 
passages are small, a request was made in 1943 for data on 
round tubes of smaller diameter than those plotted in fig- 
ure 4. A series of tests was reported by J. V/. Godfrey and 
L. P. Saunders in an unpublished report of The Harrison 
Radiator Division, General Motors Corporation, on oil-cooler 
tubes having hexagonal ends. Air was drawn through the steam- 
heated tubes, and the heat balances always agreed within 
three percent. The results of these tests and those of ref- 
erence 18 on hexagonal-end tubes are plotted as hj^/c G 
versus DG/U in figure 5. For Reynolds numbers greater 
than 10,000 the data agree well with equation (6) predicted 
from figure 4. For Reynolds numbers below 2,000 the data 
for L/u e of 69.8 agree satisfactorily with the ourve pre- 
dicted by using figure 1 and equation (5). The data for 
smallor values of l/d 0 are higher, as expected. For Reynolds 
numbers ranging from 2,000 to 10,000, appreciable dips are 
obtained. The data of reference 19 for round tubes without 
hexagonal ends do not show a deep dip but agree with the data 
for hex-end tubes in the turbulent and streamline regions. 

These results for round-end tubes aro verified by preliminary 
runs on multitubular units, made in this laboratory. 

The data of figure 5 indicate that the hexagonal ends 
cause the effects of laminar flow to extend to higher 
Reynolds numbers than with round- ond tubes. At DG/4* of 
7,000 it is seen that the valuo of h_/c G for L/D of 

jT P 

69,8 is considerably more than for L/D of 43.0. If this 
trend holds for tubes of tho some diameter but different 
lengths, tho averago oo officiant for tho entire length would 
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be greater for the longer tube than for tho shorter one, and 
honoe,- the, local coefficient must lnorease with length at ' 
this Reynolds number. This affeot oan be explained if the 
hexagonal ends are considered to be nozzles whioh tend to 
set up a uniform velocity distribution and low initial tur- 
bulence, As the fluid flours through the tube, tho initial 
characteristics imposed on the stream by the nozzle are 
changed to thoBe representative of turbulent flow and the 
coefficient increases. A hexagonal end is probably an im- 
perfect nozzle, but the available data support tho foregoing 
analysis. This effeot is disoussed in roforenoo 20, 

The difference between the data for round tubos and 
hex-end round tubos in tho transition region may bocomo loss . 
evident and ovan disappoar if the air entering tho oxohanger 
has turbulent characteristics imposod upon it by bonds of 
other upstream disturbances. 


Reotangular Ducts 


Tho availablo data (7, 21) for rectangular ducts are 


plotted in figuro 6 os j ' versus 


D o G/n. 


Complete rosults 


for tho tests of Younts, mentioned in reforonoo 7, havo been 
obtained from R, E. Norris of the Ganoral ELootrlo Co. At 
Reynolds numbers groater than 10,000 tho data of Younts and 
of reforonoo 7 are well oorrolatod by oquatlon (6a) for 
round tuboB if D is roplaood by D q i 

a ^3 „ ^ o . a 


or for air 


oG \k J 


*L ■ ' / D o Q \ 

-- » 0,026 ( J 

oG \ U S 


0.021 


Cf 


7 


__o.o 


(6b) 


(6o) 


In tho stroamlino range the data of theso roferonoos aro 
higher than tho theoretical predictions of equations (4) 
and (4a), The results of reference 21 for duotB of largo 
L / d 0 aro far bolow tho prediotod curves, This is probably 
oausod by tho mothod of measuring tho oxit temperature* 
thermocouples wore placed at the center of- tho duct oxit 
end would consequently give readings lower than the true 
temperaturo of tho stroam if mixed. This would cause tho 
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reported value of to be loir. Failure to provide suf- 

ficient mixing becomes more important as the exit air ap- 
proaches the wall temperature; that is, for low flow rates or 
ducts of large l/D e , For this reason the results of Younts 
for ducts of small l/D 0 are probably more reliable in the 
range reported than those of reference 21 for ducts of large 

l/D e - 

In tests on a duct (reference 22) involving L/D e of 
77.5, and an aspect ratio of 7,7 a special three-pass baffled 
mixer was used to make certain that the mean temperature of 
the exit air was measured. The results are summarised and 
compared with the theoretical equations and with a curve in- 
terpolated for l/D 0 of 77.5 from the data of reference 21 
in figure 7. In the streamline region the data for -this duct 
lie below the theoretical ourve for streamline flow in ducts 
of infinite aspect ratio, and above that interpolated from 
the results of reference 21. At D e G/ii of 3000 the data 
fall 14 peroent below the ourve recommended for turbulent 
flow, equation (6b). At present data for rectangular duots 
of I ^D e greater them 77.5 are inconclusive. 


Resume for Straight Ducte 

In sianm arizing the results of this study of the heat 
transfer for flow of air in straight duots of round and 
rectangular arose seotion, it can be stated that for Reynolds 
numbers, D e G/n, exceeding 10,000, the data obtained by the 
best techniques are correlated within 26 peroent for sub- 
stantially incompressible flow by equation (6c); for flow at 
high Mach numbers reference 6 is available. For streamline 
flow of air, at Reynolds numbers below 2300, heat-transfer 
data for air ore soaroe (figs. 4, 5, 6, and 7). Where test 
data are lacking the best procedure is to use figure 1 to- 
gether with equation (5), or approximate equations (3) and 
(3a) for round tubes, and equations (4) and (4a) for reo- 
t angular .sections, together with equation (6). In some oases, 
because of small values of D and p, 0 reduoes to substan- 
tially 1. In view of the meager data for straight rectang- 
ular duots of large length-di emeter ratios, more experimental 
data are desireable for various aspeot ratios. 
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TTRAT TRANSFHl IH FIHNH) PASSAGES 
Analysis .... 

Most of the available data for blower cooling of finned 
oylinders were obtained from tests on eleotrioally heated 
models, which tend to give approximately constant flux with 
r aspeot to the air travel around the cylinder, in contrast 
to the tests of flow in ducts with constant wall temperature. 
As shown in reference 23, with t turbulent flow the looal 
coefficient of heat transfer varies only some ±20 percent as 
the air flows around a jacketed cylinder. Reference 7 has 
shown analytically that the minimum looal coefficient for 
laminar flow in straight flat duots, with constant heat flux, 
is given by the equation i 

/ D e 8 '\* 

- - 11.2 I ) (7) 

oG \n/ 

At higher Reynolds numbers, but still with streamline flow, 
the looal coefficient decreases with increase in tube 
length, but this range is comparatively unimportant, since 
the coefficient soon approaches the constant value given 
by equation (7). Hence, as a fair approximation, through- 
out a large range of Reynolds numbers, the looal coeffi- 
cient of heat transfer may be considered constant. With 
constant heat flux, if the thermal conduction along the wall 
is unimportant, both the temperature of air and that of the 
surfaoe will rise linearly with length, and at the same rate. 
It is dear that a constant coefficient may be calculated 
from the temperature difference defined by the equation: 


«: - *„ - IiUa. < 8 > 

2 

The use of this type of an arithmetic temperature differ- 
ence for data Involving eleotrio heating and a logarithmic 
mean temperature difference for oases involving steam heat- 
ing of finned oylinders makes the coefficients for the two 
oases comparable. T/lth moderate mass velocity through the 
finned passages the temperature of the outlet air can ex- 
ceed the mean tanperature of the fins, thereby giving a 
negative value to T^-Tg and precluding the use of a 
logarithmic mean of T^-Ij, and T^-Tg. 
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On air-oooled Cylinders the average surface temperature, 
T , of the finned surface is of secondary interest. The 
purpose of cooling and finning is to reduoe the tsnperature 
at the base of -the fins. Consequently nearly all of the 
references report only the average temperature at the base 
of the fins, T-^. Since the temperature at the ba«e of the 
fins is of primary interest, a correlation of surfaoe coef- 
ficients should involve the fin base temperature; this tem- 
perature and a mathematical' effectiveness of the fins are 
used herein to calculate the average surface coefficient. 

In design of cylinders, the procedure is reversed and the 
calculated surfaoe coofficionts and the mathematical effec- 
tiveness are combined to give the fin base temperature. 
Furthermore, it is known that surfaoe coefficients, basod 
on the measured mean temperature of the fins, often differ 
from those based on measured base temperatures and a calcu- 
lated effectiveness. Consequently both tho correlation of 
test data and the design procedure based thoreon should in- 
volve base temperatures and calculated off ectiveness, so 
that any errors, due to differonoes between measured and 
calculated effectiveness, are not involved. 

To obviate a trial- and- error solution in calculating 
surface coofficionts from tost data, since tho effective- 
ness is a function of the thon unknown surface oooffioient, 
it is oustamary to onlculeto an ovor-all coefficient U, 
based on the area at tho roots of the fins and the over-all 
tsmporaturo difference. 


T, + T a 

“a ■ - <»> 

and to solve graphically for tho surface coefficient h by 
using a ourvo based on tho approximate equation (13) of rof- 
oronoe 25* 


U 





tonh avr' 



( 10 ) 


whorein a e /Zh/lzt and w r 


w + 0 • 5 t^. 


Azl alternate equations 
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la derived In appendix A. It Is r eoomnended that q, the 
eff eotiveness of the fin. be oaloulated as the sum of an ap- 
proximate eff eotiveness, a oorreotion factor for curvature. 
C c , and a oorreotion factor for taper C>p as given by the 
relation i 


*i 


tanh aw* 
aw* 


+ c c + c T 


( 12 ) 


The factors C c and Cj may be evaluated from figure 8. 
taken from reference 26. Equation (11) reduoes to equation 
(10) if the term wt^ER],, whiofy is usually negligible, is 
omitted and if *1 is taken equal to (tanh aw*) / aw* as 
would be allowable for a fin of constant cross seotion. 
Equation (11) was used in this study in oaloulating the sur- 
faoe coefficient h from U* 

There sire only two essential differences between an air- 
o oo led cylinder and a straight rectangular duct. The en- 
trance and exits are different and the flow passages are 
curved in the former. The effeot of curvature for turbulent 
flow in a round tube is small according to the only avail- 
able reference (27) which suggests predicting the coeffi- 
cient for a helioally coiled tube by multiplying the heat- 
transfer coefficient for straight tubes by the term, 

Y si +3.5 De/Djj. For the maximum value of Dq/Dq usually 
encountered in finned cylinders (0.067), Y is 1.23. For a 
normally finned barrel Y would be 1.1, and would be even 
less for fins of smaller spacing. 


Details of Apparatus 

Only tests in which the Reynolds number through the 
finned passages was known and where sufficient data were re- 
ported to determine the surface hoat-transfer coefficient, 
h, are considered in this report. The test procedures are 
described in the original references. Pertinent dimensions 
of the fins and Jaokots or baffles are given in table I. 

The baffle and Jacket designs used are shown in figures 9A~9E 


Comparison of Data from Different Sources 

A comparison between the data of different sources for 
similar fins and approximately similar baffles or Jaokets is 
shown in figure 10. The data of references 23 and 28 are 
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for idemtioal fins and the data of referenoes 29 and SI are 
for similar fins. The several references did not use iden- 
tical baffles or jackets, and this probably aooounts for some 
of the differences. Excluding the data of reference 31 and 
of Pratt and Whitney report 429 by H. B. Nottage and D. S. 
Hersey, for a given Reynolds number the maximum deviation in 
Stanton number is only ±10 percent which is less than the 
deviation of ± 26 peroent shown in figure 4 for straight round 
tubes, is considered good agreement ■ The data in Pratt 
and Whitney report 429 are for a finnod section the upper 
part of which was identical with those of references 25 and 28 
but the lower part of rdiioh had fins tapering to a smaller 
width. Those data lie 30 percent below the ourves for ref- 
erences 23, 28, and 29 but further tests with an improved 
apparatus Eire showing results higher than those plotted. 

The data of roforenoe 31 lie 30 percent bolow those of referenoes 
23, 28, and 29, but this may be due to the fact that refor- 
onoe 31 employed highly tapered fins. All the data of fig- 
ure 10 lie above tho theoretically minimum coefficient of 
heat transfer. 


Effects of Fin Spacing and Width 

The most extensive tests oovoring a wide range of both 
fin spaoing, s, and fin width, w, are those of roferonoe 
29, the detailed data for which are given in roferenoo 30. 

As shown by table I, the fin spaoing rangod from 0.010 to 
0.200 inch, tho fin width ranged from 0.37 to 3.00 inches, 
and the average thickness ranged from 0.026 to 0.050 inah. 

The ratio r of the cross section at the smallest seotion 
of tho inlot or outl3t portions of the jackets, to the free 
aroa through the finned passages, ranged from 0.90 to 2.04. 
Tho portion of the cylinder jacketed is spooified in terms 
of anglos Op and o^. for tho front and roar halves of tho 
cylinder. Those angles are defined in figure 9A and are 
listed in table I. All the cylinders used by reference 29, 
exoopt cylinders 39 and 40, the data for which are plotted 
separately, had a diamotor of 4.66 inches at the base or root 
of the fins, and the results are plotted as Stanton number 
versus Roynolds number for constant fin width in figures 11A 
to HE, with fin spaoing specified on the curves. 

For a fin width of 0.67 inch, shown in figuro 11D, tho 
results show four significant effects j 

1. For a given Roynolds number, tho Stanton number in- 
creases with inorease in fin spaoing, even though the Reynolds 
number inoludes the hydraulic diameter whioh takes differences 
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in fin spacing into account. Although increase in the 
Grashof number, which involves D e 3 , tends to increase the 
Stanton numb or, the’ expected change evaluated from equation 
(5) is much too small to explain the largo lnoreaso in h/oG. 
unfortunately the coefficients for the finned passages having 
a small spaolng cannot be compared with straight duot data, 
as no data are available on straight passages with such small 
equivalent diameter. It may be that the ooofflolant of heat 
transfer would be low for straight duots of small equivalent 
diameter. 

2. Some of the curves are not straight linos, thus su» 
gosting transitions. 

3. The dashed line in figuro 11D is basod on oquation 
(7) for the thooretioal minimum looal coefficient of heat 
transfer in straight flat duots with uniform heat flux. It 
is seen that the ourvos for fin spaoings ranging from 0,046 
to 0,101 lnoh seem to be asymptotioally approaohing equa^ 
tion (7) and lie abovo it, whllo those for unusual spaoings 
of 0,010 and 0.022 inch lie below it. The brokon curve for 
tho uppor right portion of figure 110 is the reoommendod 
equation for turbulont flow in straight rectangular passages, 
oquation (6o). It is seen that most of tho data fall below 
tnis line. 

4. Since the slopes of the curves aro both positive and 
negative, and often the slope for any one fin width and spac- 
ing varies, it a e etas clear that rosults for various values 

of w and s cannot bo ropresentod by a singlo curve in 
terms of hg/eft, D 0 g/^, w, and s. 

In figure 11 tho data for other fin widths show tho some 
oharaotoristios as those for tho width of 0.67 inch, although 
tho trends are not always as regular, Slnoo tho fin widths 
of 0,85 and 1.66 lnohos usod with fin spaoings of 0,20 inoh 
wero not employed with other spaoings, tho two sets of data 
are not plottod in figure 11, but do appoar in figuro 13. 

Further data which show tho off oot of fin. spaolng upon 
$he Stanton number aro presented in ref oranoo 32 as plotB of 
Nussolt number based on a logarithmio mean temperature dif- 
foronoo vorsus Reynolds mmbor. The data wore reduced to 
tho coefficient h by moans of oquation (10) in tho original 
reference. Various segments of finned oylindors having dif- 
ferent .fin spaoings but constant widths wero tostod on on 
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electrically heated unit* The segment of the cylinder tested 
was so adjusted that l/s was constant and l/d 8 was ap- 
proximately constant* The results of these tests are plotted 
on figure 12 aB hj/oG versus D 0 G/p. The data are correlated 
fairly well by this plot; no large difference between the re- 
sults of the fin spaoings of 0.126 and 0.016 inoh are notified. 
If 'plotted as hg/oG, the data for the different spaoings 
would still be correlated fairly well since hg/oG is a func- 
tion of only hjy/oG and S/A (appendix B) both of which are 
approximately the same* at a fixed Reynolds number* for all 
the segments tested. Figure 11 indioatos that the results 
are widely' different when data are taken for constant L* 
constant w* and various spaoings or values of D e . Thus 
the data of figures 11 and 12 seem to indicate that L/D e 
is a pertinent variable for tests in this range of D 0 G/p* 
Attempts to correlate the data of figure 11 in terns of the 
ratio l/d 0 were abandoned since plots showed this parameter 
would not correlate data having the unusual variations noted. 

These same data* of references 29 and 30* are replotted 
in figures 13A to 132 as h^/cG versus D 0 G/ji for oonstant 
fin spacing* with the values of fin width specified on the 
curves. For a given Reynolds number, the Stanton number 
hg/oG usually increases with increase in fin width, but ex- 
ceptions are noted. This effect seems quite marked for fin 
spaoings ranging from 0.022 to 0.101 inoh. This effect had 
previously been noted in reference 29 for finned cylinders 
tested in a free stream with unknown velooity through the 
finned passages but had not been mentioned in connection with 
blower oooling tests. 

Reference 31 tested cylinders provided with fins of 
various widths and spaoings, but used fins of triangular 
cross b eotion in oontrast to the fins of reotangular cross 
section employed by referanoe 29, Table I describes the 
fins and jaokets, The data were reported only in the form 
of plotted points, from whioh values of hg/cG and D 0 G/fi 
were calculated and are shown in figure 14. For each spac- 
ing (0.236 and 0.118 inoh), for a given Reynolds number* 
h^oG decreases with increase in fin width, vdiioh is exactly 
opposite to the results of reference 29 shown in figures ISA 
to 13E. However, in reference 31 the decrease in fin width 
was accompanied by a substantial inorease in jaokot covorage 
and this effeot may offset the effeot of changing fin width 
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shown by the results of referenoe 29. For a given fin width, 
comparison of results for triangular fins shown In figure 14 
reveal's that f of a given Reynolds number and average thickness 
of fin. hg/oG decreases aB fin spacing decreases from 0.256 
to 0.118. For these fins all the data -lie above equation (7) 
for the theoretically minimum local coefficient of heat trans- 
fer. 


In the tests of referenoe 29 dlsoussed in the foregoing, 
as shown in table I. the clearance between the tip of the fin 
and the jacket was 0.01 lnoh. Referenoe 53 reports tests for 
fin Bpaoings of 0.102 end 0.200 lnoh and 1 fin widths from 0.67 
to 1.22 inches, and employed a gap of 0.126 inoh between the 
jacket and the tips of the fins. These results, if plotted, 
would show the usual effect of fin spacing and a somewhat in- 
creased effect of fin width for a spacing of 0.200 inoh. 

The other available data for finned cylinders (28. 34. 
35, Pratt and TOiitney report 429 by H. B. Nottage and D. S. 
Hersey, and Pratt and Whitney report 446 by J, W. Miller, 

E. B. Nottage, and D. S. Hersey) are plotted in figure 16. 
Contrary to the effeot of spaoing Bhown in figure 11. figure 
16A shows substantially no effect-- of spaoing in the range 
from 0.048 to 0.100 inch. All the data of figures 15B and 
15C lie above equation (7) for the theoretically minimum 
local coefficient of heat transfer and the data of referenoe 
34, plotted in figure 16C, appro aoh equation (7) asymptot- 
ically at low Reynolds numbers -- However, tho data of figure 
15A, for small spaoings lie below this equation* 


Type of Temperature Difference 

All of these results wero obtained from the average 
temperature atihe base of the fins and the calculated fin 
effectiveness, as explained earlier in this report. However, 
the average surface temperatures were reported in reference 
50 for the testB of referenoe 29, which showod that the sur- 
face coefficients based on measured surface temperatures 
usually were somewhat highor than those obtained from base 
temperatures and calculated effectiveness. The effeot of fin 
width for a given spaoing, developed in figure 13, is also 
found if measured surface temperatures are employed in evalu- 
ating the Stanton numbers, -The same vis true.. of. the off pot 
of fin spaoing developed in figure 11, 

Throughout this report surfaoe heat-transfer ooeffioients 
for runs with electric heat have been basod on arithmetic 
moan temperature difference, as previously explained. In the 
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past, heat-transfer ooeffioients have at times (reference 29) 
been based on the diff erenoe between the mean temperature of 
the surface and the temperature of the inlet air. Figure 16 
shows the data of figure 13B replotted in torms of hi/<5G 
versus D 0 g/h. It is seen that at a given Reynolds number 
the Stanton number still inoreases with increase in fin width, 
an effeot not previously noted. 

Appendix B giveB equations useful for converting reported 
coefficients from one temperature-difference basis to another. 

Effeot of Cylinder Diameter 

The only souroe which reports tests for cylinders of 
different diameters is reference 29. Figure 17 shows data 
for three similar finned cylinders having base dimeters of 
3.66, 4.66, and 6.34 inches. At the higher Reynolds numbers 
the data for the cylinder with Dj, equal to 4.66 inches are 
higher. However, the data for both the smallor and larger 
cylinders fall below this. On the basis of these results it 
seems that cylinder diameter has no effeot on the Stanton num- 
ber within the aoouracy of the data. 


Effeot of Surfaoe Conditions 

Surface conditions may bo classified as rough or wavy 
or smooth. All the data discussed in the foregoing were ob- 
tained with smooth surfaoes. Decent reports have contained 
data for several typos of surface. Data from Pratt and 
TJhitnoy reports 429 and 446 maj-' bo oombinod’ to, show tho offoot 
of roughness. Data were obtained for a standard fin and later 
with a fin of tho same nominal dimensions after 1100 hours 
service and tho enamel coating had been ohipped; identioal 
bafflos were used in both oases. Figure 18 shows that tho 
Stanton number is higher for tho rough surfaoe at a given 
Reynolds number. Howevor, a plot of h/oG vorsus D 0 G/i 
iB not the most rovealing method of comparing difforont fins 
as there is no roason that tho fin exhibiting the highest 
Stanton number at a givon Reynolds number must also exhibit 
the highest ooofficiont for a given pumping power per square 
foot of hoat-tranBf er surfaoe. A bettor comparison of tl^o 
data is prosentod in figure 19, a plot of (h/o)(cj/k) 8 3 
versus Ep^ v a, the pumping power oxprossed as foot-pounds 
per hour por square foot of hoat-tranefor surfaoe, times the 
average fluid density squared. This plot also indioatos 
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that the rough surface is preferred, (Refer onoe 36 shows 
the utility of 'this method -of - comparing flow inside tubes __ 
with flow across tube bundles), Sinoe the available pres- 
sure drop ney be a limitation, figure 20 shows a plot of 
h a versus Ap p a v/pso • Tk® coefficients for the rough 
surfaoes are slightly higher than the smooth surfaoe for 
the same pressure drop* Thus these data indioate that sur- 
faoe roughening is a method for reducing the pumping power 
per unit surfaoe by a largo percent and slightly inoreasing 
the ooeffiolent of heat transfer for a given pressure drop. 

In using those data it must bo remembered that only the nomi- 
nal thiokness of the fins was available and was employed in 
calculating the fin effectiveness. It is possible that the 
actual thiokness of ono or both of the fins was slightly dif- 
ferent from tho nominal thiokness. 

Although it is useful to compare heat-transfer coeffi- 
cients at a given proBsuro drop or pumping powor por unit 
area, it should bo emphasised that conditions giving tho 
highost coefficient may have tho lowest air flow rate and 
oonsoquontly tho highest avorage air temperature at a given 
heat flux. The exact effect of those compensating factors 
on the wall temperature deponds on operating conditions. 
Allowances must also be made for variations in air tempera- 
ture whan pressure drop or pumping powor are compared at a 
given coefficient. 

Reference 37 roported results for smooth and wavy sur- 
faoos tested with three different baffles. These wero 90 
oamplote waves in tho special fins, Thoso waves approxi- 
mated Bino ourves and had a poak to vaLlqy distanoo of 0.022 
inch at tho fin root and 0,033 lnoh at the fin tip, Tho 
cylinders were heated with hot water »nd tho results woro 
oxtrapolatod to infinite water velocity in determining tho 
coefficients of heat transfer. Although the reference states 
that allowances were made for tho oroSs flow of air send water' 
and for tho eff eotivunoss of tho fins, it appears that the 
rosistanoe of tho motal (approximately l/2 inch thick) bo- 
tween tho base of 12ie fins and the water was not oonsidored 
in oaloulating coefficients. This would cause tho reported 
Stanton numbers to bo low; tho data as plotted on figuro 21 
are lower than -the other data previously considered. Conse- 
quently the coefficient, - h f ,- cannot be comparod with othor 
data in this report but may be used to dotormine tho effoot 
of waviness. Figures 21 and 23 indioate that wavy fins give 
inoroasod coefficients at A given Reynolds number or pumping 
power per unit surfaoo. 
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When the data are plotted as h» versus Ap p a v/Pso 
(fig* 22), it iB found that, for a given pressure drop, 
wariness increases the heat-transfer ooeffioient by approxi- 
mately 5 percent for baffles A and C and approximately 20 
percent for baffle B* The percent of the cylinder covered 
by the baffle, figure 9B, increases from baffle A to baffle 
C and it would naturally be expected that, if waviness in- 
creased the heat-transfer coefficient for a given pressure 
drop, any trends in the increase would be related to the ex- 
tent of baffling. This is not the case; for baffle B waviness 
increased the heat-transfer ooeffioient more than for other 
baffles. This result is not immediately explainable; it may 
be that this variation is within the accuracy of the data. 


Maximum and Minimum Temperatures 

The hottest spot on an air-oooled cylinder usually ooours 
at the rear of the cylinder and it is therefore desirable to 
know this temperature as well as the average surfaoe tempera- 
ture upon which the heat-transfer coefficient is baBed. A 
correlation of data based on tests of electraoelly heated 
models, where there was no propeller swirl, may not apply 
directly to engine installations. However, the data from 
reference 50 and from Pratt and Whitney reports 429 and 446 
were plotted as the ratio AT r /AT a versus Reynolds number, 
but no consistent trends with fin spacing and width were 
found. Ideally, if the coefficient of heat transfer may be 
obtained from correlations suoh as figure 11; the average 
tonporaturo difference can be calculated for any heat flux. 
Correlations of AT r /AT a would permit the temperature differ- 
ences at tho rear of the cylinder and the aotual rear temper- 
ature to be calculated. This type of correlation should in- 
olude factors suoh as baffle shape to allow for differences 
in flow conditions and cylinder wall thickness to allow for 
thermal oonduotion from rear to front. 

Another approach to this problem, more fundamental than 
tho empirioal one suggested, is to measure actual local coef- 
ficients of heat transfer as has beon done in roference 23. 
This type of data will allow acourate prediction of the cylin- 
der temperatures after proper allowances are made for conduc- 
tion around the cylinder, which obviously will be dependent 
on the thickness of the cylinder wall and that of tho muff* 
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Effect of Temperature Differenoe ■ 

Exoept for some of the tests of reference Si, the wall 
temperatures used by the references were well below those of 
operating air-oooled engines. It is consequently desirable 
to know the effeot of temperature difference on the hoat- 
transfer coefficient bo that the available data may be ex- 
trapolated to operating conditions. Extensive tests by H. B. 
Nottago and D. S. Hersoy, Pratt and Whitney report 429, indi- 
cated that "the heat-transfer coefficient, fpr a given Reynolds 
number, was inversely proportional to AT 3 ^. This was at 
first thought to bo caused by heat losses but reference 28 
obtained the same effeot on an identical muff for runs which 
had heat balances with 6 percent. The temporaturo difference 
was varied by changing the electrical input to tho test sbe- 
tion. These data, corrected to a Reynolds number of 4730, 
aro plotted on figuro 24. Also included aro rosults of tests 
on the apparatus of roforenoos 23 and 24, which involved an 
identical muff and tho baffle shown in figure 9E. The heat 
balances for those tests also ogreod within 6 percent. In 
this case the temperature difference was varied by heating 
tho inlet air. No notiooable offset of temporaturo differ- 
ence is shown in those rosults. 

Data of reference 31 oorreotod to a Reynolds number of 
16,700 aro plotted In figuro 24 and indioat o that TJg/oQ 
Increases slightly with inoreaao in AT a . Those results can- 
not bo trusted as well as can thoso of Nottago and Horsey, 
since complete data aro not reported. 

Tho data of theso different Investigators thus show a 
different but small effect of AT. If tho two most reliable 
sots of data ore considered (roferencos 24 and 28) it will bo 
notiood that reference 28 usod olootrlo heat and reference 24 
used stoam heat. This may aooount for the difference notod. 

At first it appears that tho variation of tho coeffi- 
cient with AT for tho olootrioally boated muff might bo ox- 
plained by conduction around the fins. However, if it is 
ocoopted that tho local coefficient of heat transfer at a 
given point is a function of only tho Reynolds number (24), 
thormal conduction should not cause this effeot. Consider, 
for oxamplo, runs modo at tho same .Reynolds number and two 
different boat fluxes, one double the other. If conduction 
is noglootod for the mamant, tho air temperature rlso per 
unit length and tho local temporaturo differences for tho 
high flux should bo twioo that of tho low flux. The curves 
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of irnll temperature and air temperature oould be superimposed 
by- changing the temperature soale for one testa The fin tem- 
peratures at ary point oould also be plotted on this new ourve 
and would be found to ooinoide* If oonduotion is then allowed 
for from this ourve, it is olear that oonduotion will hare 
the same effect on eaoh test and hanoe the ooeffioient should 
not change « 


Effect of Baffle Shape 

The data of references 23 , 24, and 37 afford an insight 
into the results of changing the baffle shape for a given fin 
spaoing and width* The data of reference 37 are plotted in 
figures 21, 22, and 23. Figure 25 shows the data of refer- 
ences 23 and 24, which employed steam heat, plotted as h^/cG 
versus D e G/p for the jacket (shown in fig* 9C), a model of 
a conventional baffle (fig* 9D), and a special baffle (fig. 9E). 
Both baffles had spacers to keep the baffles a fixed distanoe 
from the fin tips. Tests were also made with the spacers re- 
moved on the special baffle. Over the range tested, the baf- 
fles listed in order of decreasing coefficient, at a constant 
Reynolds number, aro as follows* jaoket, special baffle, con- 
ventional baffle, and speoial baffle with spacer ranoved. It 
is noted that tho curves have slightly different slopes and 
that the data for the jaoket and the conventional baffle, 
which extend over a wider Reynolds number range than the other 
data, indioate that the slopes of the curves may get steeper 
at lower Reynolds numbers* All the data of figure 25 lie 
above equation (4a) for tho theoretically minimum looal coef- 
ficient of heat transfer for oonstant wall temperature* Com- 
parison of the data on the basic of pressure drop, (fig. 26) 
and pumping power per unit surface, (fig. 27) show that baf- 
fles listed in order of decreasing coefficient still are; 
jaoket, speoial baffle, conventional baffle, and speoial baf- 
fle with spacer removed. 


Effect of Swirl 

A propeller creates turbulence in the air stream and 
oauses flow across the cylinders. It is'well known that the 
flow conditions, set up by the propeller, cool the front of 
the cylinders better than the flow resulting from blower ; 
cooling (reference 38). In runs dosoribed in reforenoe 24, 
a sheet motal insert was placed in front of tho test oyllnder 
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as indicated in figure 9E. The ratio of the condensate on 
the right-hand to that on the left-hand .side was substantially 
the same as before the insertion of this device, and it was 
concluded that the air flow still divided fairly equally 
around the two sides of the cylinder. However, the average 
coefficient of heat transfer increased slightly as indicated 
on figures 25, 26, and 27. These .results are of qualitative 
value only as no comparison is available between the turbu- 
lence in this test and that in the air stresm before an actual 
oy Under in flight. 


. CONCLUSIONS 


1. For flow of air at Reynolds numbers larger than 
10,000 in straight ducts, the seleoted heat-transfer data 
given herein are correlated within maximum deviations of 25 
peroent for round tubes (fig. 4) and 10 percent for rectan- 
gular passages (fig. 6) by 'the dimensionless equation: 



(6o) 


using physioal properties of reference 10, shown in figure 3. 
This relation is easier to use than conventional equations 
involving the Nusselt number and consequently thermal conduc- 
tivity. 

2. For flow of air at Reynolds number smaller than 
10,000 in straight duots, heat-transfer data are inadequate 
for round and reotangular shapes, exoept for round tubes 
with hexagonal ends, correlated- in figure 5. The available 
data for straight reotangular duots Eire summarised in fig- 
ure 6, with 



plotted versus Reynolds number based on equivalent diameter, 
for .various ratios of .length to equivalent diameter. For 
straight reotangular shapes with h/D e less than 80, at low 
Reynolds numbers, the Stanton numbers for air asymptotically 
approach the values predicted from the theoretical equation 
for the minimum coefficient; in flat duots: 
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5, Data for tests on stem-heated and electrically heat- 
ed blower-cooled cylinders may best be compared if the heat- 
transfer coefficients a re calculated on the basis of logarith- 
mic and arithmetic temperature differences, respectively. On 
this basis the data of various references for similar muffs, 
correlated in figure 10 in terms of Stanton and Reynolds 
numbers, agree surprisingly well in view of differences in 
methods of testing and in the design of the jackets or baffles. 
The ooeffioients for these 1.1 lnoh fins, having spaoings of 
0.11 inch are within =±50 percent of those predicted from 
equation (6o) for turbulent flow in straight rectangular duots. 

4. The Stanton number usually decreases as Reynolds num- 
ber increases, but the data for a fin having a spacing of 0.01 
inch ( fig. 11D ) shows the opposite trend. As the best line 
through the data for fin 8 having spacings between 0.048 and 
0.101 inch is concave upward and approaches equation (7) at 
low Reynolds numbers and equation (6o) at high Reynolds nua- 
bers (fig. llD). a transition between laminar and turbulent 
flow is indicated. 

6. For a given Reynolds number, the Stanton numbers usu- 
ally inorease with increase in fin spacing, both for reotan- 
gular and triangular fins. (See figs. 11, 14, and 15.) 

6. For a given Reynolds number, the Stanton numbers usu- 
ally increase with inorease in fin width for rectangular fins 
(figs. 15 and 165), but deorease with inorease in fin width 
for triangular fins (fig. 14). 

7. Cylinder diameter has no effect on the coefficient of 
heat transfer, on the basis of the available data (fig. 17). 

8. Temperature difference has a negligible effect on the 
surface heat-transfer coefficient, in the range of available 
data (fig. 54). 

9. The few available data indicate that rough or wavy 
surfaces, oompared with smooth surfaces, inorease the Stanton 
number for a given Reynolds numberj inorease the heat-transfer 
ooeffioient for a given pumping power per unit surface; and 
give a small inorease in heat-transfer ooeffioient for a given 
pressure drop. 
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10. For a given ooeffioient of heat transfer, both the 
pumping power per unit surfaoe and the pressure drop depend 
on the design of the. baffle or jacket. Figures 26 an,d 27 
show that the baffle of figure 9E is. superior to that of fig- 
ure 9D in both these repBeots, but these advantages disappear 
at low flow rates. The jaoket of figure 9C is better than 
either of these two baffles. 


Ilassaohusette Institute of Technology. 
Cambridge. Hass.. May 24, 1944. 
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APPENDIX A 

DHIIVATION OF EQUATION RELATING U AND h 



At any given position on a oylinder, if the local aurfaoe 
ooeffioient is assumed independent of radial position and if 
cos 8 is considered equal to unity: 

*■” ( E f f i) ' + 2 it (Rb+wJt-tJnATb^ 2rr RbS b ATb 

= U ( s+t ) 2 tt R b Alb 
Letting w 1 = w + (t-fc/2), and rearranging 

h Vf mr 1 w tt 

s+t LV R b 2R b 




The effectiveness tl can be evaluated by the following equa- 
tion of reference 26. 


tanh aw* 

t| = - — — + Cc + Cj 

aw* 


with whioh a = ^Jzih/kt 
for ourvature and taper, 
from figure 8. 


and C q and C-p are corrections 
respectively, and are evaluated 


This equation will reduce to equation (10) if wtt/2Rb 
is negleoted and if Cq + Ct is assumed equal to zero aB 
for a fin of constant oross seotion: 


TJ 


s+t 


[: (’ * 


2Rb/ 


tanh aw* 


— 1 

+ s b 


( 10 ) 
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APPENDIX B 


INTHIGON VERSION OF STANTON BOMBERS 


(For finned surface this method applies to u/8G only* for 
nonfinned surface the method applies to b/oG)» Combining 

and 

q“ G S e (V T i) 
q =» h A AT 


gives 

fAyiV,-!sa 

VoG/V S J AT 


For oonstant surf aoe temperature or when the temperature dif- 
ference is calculated on the basis of a fixed temperature, 

f hlN )f 411 ' (A) 

VoG/Vsy AT a 


(-)Gy^ =z 

\oG/ \ SS \ATi - AT a y 

(B) 



(c) 

Solving for AT a 



AT a = ATj. (l-Xj.) 

(A») 


AT a = a AT l (Z-X.J/C&tt*) 

(B« ) 


AT 0 =AT x e“ X L 

(C») 


By substituting equations (B * ) and (C*) in (A), (A 1 ) and 
(C 1 ) in (B), and (A 1 ) and (B*) in (C), the following table 
is obtained. ~ - 
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INTERC0N7IRSI0N OP STANTON NOMBffiS BAS 3D 
ON A CONSTANT SURFACE THTEEtATURE 
Known 


Sought 

Xi 

Xa 

Xl 

*i 

- - 

2 Xg, 

2 + X 

I-.' 1 ! 

Xa 

2 Xi 


- f 1 -^ 

Z+X ± 



X L 

-(*■) 

HBM 
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TABLE I. DETAILS OF FINS AND JACKETS 


* Cyl. 

Ref. 

Note 

s 

W 

t 

I>b 

ff r 

a 

r 

r f 

r r 

J 

23 

4,11 

0.111 

1.11 

0.03 

6.19 

71 

71 

1.43 

1.43 

D 

24 

4,11 

0.111 

1.11 

0,03 

6.19 

50 

62 

2.97 

2.14 

a.b.c.e 

24 

4,11 

0.111 

l.li 

0.03 

6.19 

54 

66 

2.21 

1.14 

Conv. 

28 

4,11 

0.111 

l.ll 

0.03 

6.19 

50 

66 

2.96 

1.32 

11 

29 

1,2,5,10 

0.131 

1.22 

0.035 

4.66 

61 

61 

1.01 

1.01 

12 

29 

1,2,5,10 

0.102 

1.22 

0.035 

4.66 

61 

61 

1.00 

1.08 

13 

29 

1,2,5,10 

0.077 

1.22 

0.036 

4.66 

61 

61 

1.16 

1.16 

14 

29 

1,2,5,10 

0.048 

1.22 

0.035 

4.66 

61 

61 

1.37 

1.37 

15 

29 

1,2,5,10 

0.022 

1.22 

0.035 

4.66 

61 

61 

2.04 

2.04 

18 

29 

1,2,5,10 

0.101 

0..97 

0.035 

4.66 

63 

63 

0.90 

0.90 

19 

29 

1,2,5,10 

0.077 

0.97 

0.035 

4.66 

63 

63 

0.97 

0.97 

20 

29 

1,2,5,10 

0.048 

0.97 

0.035 

4.66 

63 

63 

1.14 

1.14 

21 

29 

1,2,5,10 

0.022 

0.97 

0.035 

4.66 

63 

63 

1.73 

1.73 

24 

29 

1,2,5,10 

0.101 

0.67 

0.035 

4.66 

64 

64 

0.98 

0.98 

25 

29 

1,2,5,10 

0.077 

0.67 

0.035 

4.66 

64 

64 

1.05 

1.05 

26 

29 

1,2,5,10 

0.048 

0.67 

0.035 

4.66 

64 

64 

1.26 

1.26 

27 

29 

1,2,5,10 

0.022 

0.67 

0.035 

4.66 

64 

64 

1.83 

1.83 

31 

29 

1,2,5,10 

0.101 

0.37 

0.035 

4.66 

65 

65 

0.98 

0.98 

32 

29 

1,2,5,10 

0.077 

0.37 

0.035 

4.66 

65 

65 

1.06 

1.06 

33 

29 

1,2,5,10 

0.048 

0.37 

0.035 

4.66 

65 

65 

1.21 

1.21 

34 

29 

1,2,5,10 

0.022 

0.37 

0.035 

4.66 

65 

65 

1.83 

1.83 

35 

29 

1,2,6,10 

0.080 

3.00 

0.035 

4.66 

56 

56 

1.09 

1.09 

36 

29 

1,2,6,10 

0.055 

3.00 

0.035 

4.66 

56 

56 

1.24 

1.24 

37 

29 _J 

1,2,6,10 

0.028 

3.00 

0.035 

4.66 

56 

56 

1.70 

1.70 

38 

29 

1,2,5,10 

0.035 

0.37 

r 0.035 

4.66 

65 

65 

1.44 

1.44 

39 

29 

1,2,5,10 

0.124 

0.50 

0.026 

3.66 

56 

56 

1.48 

1.48 

40 

29 

1,2,5,10 

0.120 

0.52 

0.030 

6.34 

66 

66 

1.33 

1.33 

57 

29 

1,2,5,10 

0.010 

0.67 

0.035 

4.66 

67 

67 

1.32 

1.32 

58 


1,2,5,10 

0.200 

0.85 

0.050 

4.66 

57 

57 

1.45 

1.45 

59 

29 

1,2,4,10 

0 . 200 

1 . 66 

0.050 

4.66 

51 

51 

1.45 

1.45 

C42 

31 

7,12 

0.118 

1.654 

0.039 

6.30 

60 

60 

1.33 

1.33 

C28 

31 

7,12 

0.118 

1.101 

0.039 

6.30 

66 

66 

1.33 

1.33 

C14 

31 

7,12 

0.118 

0.552 

0.039 

6.30 

75 

75 

1.33 

1.33 

C7 

31 

7,12 

0.118 

0.275 

0.039 

6.30 

81 

81 

1.33 

1.33 

B42 

31 

7,12 

0.118 

1.654 

0.079 

6.30 

60 

60 

1.67 

1.67 

B28 

31 

7,12 

0.118 

1.101 

0.079 

6.30 

66 

66 

1.67 

1.67 

. B14 

31 

7,12 

0.118 

0.552 

0.079 

6.30 

75 

75 

1.67 

1.67 

B7 

31 

7.12 

0.118 

0.275 

0.079 

6.30 

81 

81 

1.67 

1.67 

A42 

31 

7,12 

0.236 

1.654 

0.079 

6.30 

60 

60 

1.33 

1.33 

A20 

31 

7,12 

0.236 

1.101 

0.079 

6.30 

66 

66 

1.33 

1.33 

A14 

31 

7,12 

0.236 

0.552 

0.079 

6 30 

75 

75 

1.33 

1.33 

A7 

31 

7,12 

0.236 

0.275 

0.079 

6.30 

81 

81 

1.33 

1.33 

1 

PAW 

7,11 

0.111 

1.11 

0.030 

6.19 

47 

72 

2.49 

1.37 

2 

R«p. 

7,11 

0.111 

1.11 

0.030 

6.19 

47 

72 

2.49 

1.37 

3 

U29 

7,11 

0.111 

1.11 

0.030 

6.19 

47 

72 

2.49 

1.37 

4 

N 


7 

0.0578 

1.05 

0.0255 

6.26 

47 

72 

3.02 

1.66 

5 


PAW 

7 

0.048 

1.21 

0.030 

6.2 

47 

72 

2.65 

1.46 

6 


L>*P. 

7 

0.100 

1.10 

0.040 

6.2 

47 

72 

2.79 

1.52 

7 


►VS 

5 

0.116 

0.605 

0.025 

6.00 

47 

72 

4.27 

2.36 

8 



7 , 11,1 

0.111 

1.11 

0.030 

6.19 

47 

72 

2.49 

1.37 

9 

/ 

7 

0.110 

1.126 

0.030 

6.16 

47 

72 

2.42 

1.34 


32 

8,10 

0.125 

1.00 

0.033 

5.81 


180° 

Segment 



32 

8,10 

0.0625 

1.00 

0.025 

5.81 


90° 

N 



32 

8,10 

0.031 

1.00 

0.016 

5.81 


45° 

1 11 



32 

8,10 

0.016 

1.00 

0.006 

5.81 


22.5 

O tl 



3 1 * 

6,10 

0.123 

1.92 

0.026 

6.13 

55 

47 




35 

13 

0.185 

1.00 

0.065 

6.00 



0.987 

0.987 

Plain 

37 

9,11 

0.10 

1.235 

0.06 

6.78 





Wavy 



0.098 

1.045 

0.062 

7.16 






* Tha cylindar number* are those used in the original references. 1- Chipped surface. 

S- The clearance between the jacket and the fin tips is given in reference 30 as approxi- 
mately .01". 3 - See figure for 3 baffles used. U- Aluainua alloy. 5” Steel. 6 - Copper. 
7- Aluainua. 8 - Brass. 9 - High-silicon aluainua alloy. 10- H/t = 1 (no taper). 11- tt/t“ 
. 67 . 12- tt/t = 0 (triangular fin). 13 - tt/t = . 62 . The values of the thermal conductivity 
of astals presented in reference 3 were used except for the aluainua alloy of note 4 . The 
theraal conductivity of this alloy was given as 8.10 in Pratt and Whitney report 446 . 
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FIGURE / 

PREDICTED RELATIONS FOR LAMINAR FLOW IN DUCTS 
HAVING CONSTANT WALL TEMPERATURE, NEGLECTING 
EFFECTS OF NATURAL CONVECTION REF. T 



FIGURE 2 A 


STANTON NUMBER VS REYNOLDS NUMBER 
FOR AIR FLOWING IN ROUND TUBES 
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D e G/p 
FIGURE 2B 

STANTON NUMBER VS REYNOLDS NUMBER 
FOR AIR FLOWING IN FLAT DUCTS 
HAVING CONSTANT WALL TEMPERATURE 
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FIGS. 3,5 
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FIGURE 3 

STANTON NUMBER US REYNOLDS NUMBER 
FOR STEAM HEATED STRAI6HT ROUND TUBES 
HAVING HEXAGONAL AND ROUND ENDS 
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FIGURE 3 

PHYSICAL PROPERTIES OF AIR 
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HEAT TRANSFER 
COEFFICIENTS FOR AIR 
IN RECTANGULAR DUCTS 


LEGEND 
HEATING 
KEY OR 
COOLING 


0.0080 


L /D p = 5 


\L/D e ‘!0' 


SOURCE 

NORRIS 

AND 

STREID 


YOUNTS 


WASHINGTON 9 

AND O 

iHjZZ MARK f j o 

THEORETICAL CURVES IN LAMINAR FLOW 
FOR HIGH ASPECT RATIOS (NORRIS AND STREID ) 



1.01 

0.476 


L/Dg 

w/s 

//./ 

6.48 

8.63 

17.0 

12. IS 

24.4 

26.0 

12.0 

SO. 4 

24.2 

47. 5 
101 
197 

8.9 

20 

40 
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0.0020 



EQUATION 4a FOR HIGH ASPECT RATIOS 
> C -j-= 0. 74 AND CONSTANT SURFACE 

V I I Jr TEMPERATURE (NORRIS AND STREID) 
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FIGURE 6 
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FIGURE 8 

CORRECTIONS TO APPROXIMATE EFFECTIVENESS 
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FIGS. 9A,9B 



FIGURE 98 

BAFFLE AND JACKET DESIGNS 
REFERENCE ST 
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FIGS. 9C,9D 



SHOWING LOCATION OF PRESSURE TAPS AND 
THERMOCOUPLES 

ALL COUPLES 2.* FROM BOTTOM EXCEPT @ - '/£, @ - / 
FIGURE 9 C 
REFERENCE Z3 



TOP VIEW OF MODEL PRATT AND WHITNEY 
R 2800 ENGINE BAFFLES AS TESTED 


FIGURE 90 
REFERENCE 24 


(THERMOCOUPLES LOCATED AS SHOWN FOR JACKETED MUFF) 


SCALE ■ !"* 2" 
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FIGS. 9E,I0 



FIGURE 9E 

TOP VIEW OF SPECIAL BAFFLE 
AND SWIRL PROMOTER 

(THERMOCOUPLES LOCATED AS SHOWN FOR JACKETED MUFF) 

REFERENCE t4 SCALE : /'. t" 



FIGURE 10 

COMPARISON OF DATA FROM DIFFERENT 
SOURCES HAVING SIMILAR FINS 
AND JACKETS 
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FIGURE II 

STANTON NUMBER VS 
REYNOLDS NUMBER FOR 
FINNED CYLINDERS SHOWING 
THE EFFECT OF FIN SPACIN6 
REFERENCE £ 9 
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FIGURE 13 

STANTON NUMBER VS 
REYNOLDS NUMBER FOR 
FINNED CYLINDERS SHOWING 
THE EFFECT OF FIN WIDTH 
REFERENCE 29 
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1000 to 000 


D e G/JU 
FIGURE 16 

STANTON NUMBER BASED ON AT/ VS 
REYNOLDS NUMBER FOR FINNED 
CYLINDERS SHOWING THE EFFECT OF FIN 
WIDTH, REFERENCE 29 
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FIGURE 17 

STANTON NUMBER VS REYNOLDS NUMBER 
SHOWING THE EFFECT OF CYLINDER 
DIAMETER, REFERENCE E9 
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FK3S. 18,19,20 



FIGURE 18 


EFFECT OF SURFACE ROUGHNESS 
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FIGURE 19 

EFFECT OF SURFACE ROUGHNESS 
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FIGURE 20 

EFFECT OF SURFACE ROUGHNESS 
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FIGS. 21,22,23 



FIGURE 23 

EFFECT OF WA Y I NESS , REF. 3 7 
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FIGURE 21 

EFFECT OF WAV! NESS , REF. 37 
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U '/CG - KAT "'-'a 


h Lt B.T.U. /( HR.)(!N?X°F. ) 


























FT. LBS. / LBS 
P avi * (HR.XFT. 2 ) ' FT. 3 ' 


FIGURE 27 

EFFECT OF BAFFLE DESIGN , REFERENCES 23 AND 24 


FIG. 27 
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